Summary. Selection based upon testicular diameter adjusted for body weight at 6, 10 and 14 weeks of age was used to produce two lines of sheep, with either high or low testicular size. Ten generations of selection were carried out and the estimate of the realized heritability of the selection criterion was 0\m=.\53\ m=+-\0\m=.\01.There were significant positive correlated responses to selection for testicular diameter at 6, 10 and 14 weeks of age, but the correlated responses in body weight at these ages were negative. In mature females, there were significant negative correlated responses to selection in premating body weight in the 1st, 2nd and 3rd breeding season and in the day of the first oestrus in the 2nd breeding season. Litter size per ewe mated had a small positive correlated response to selection in the second breeding season. This latter response appeared to be due to a positive correlated response in fertility, ewes from the High-line having a significantly higher probability of conceiving to a single mating than those from the Low-line. There was no significant correlated response in ovulation rate or litter size per ewe lambing and the genetic correlation between these traits and the selection criterion is likely to be close to zero. This may be due to the adjustment for body weight used, but it is possible that, in any event, body weight in young rams may be a better predictor of female ovulation rate than testicular diameter. These results do not rule out the possibility that testicular size in rams older than those selected would provide a good predictor of genetic merit for female ovulation rate.
Introduction
Theoretical and experimental studies support the conclusion that increased ewe reproductive performance will improve economic efficiency by reducing the overhead costs of lamb production (Nitter, 1987) . In Britain, the Meat and Livestock Commission (1987) include ewe reproductive performance in their selection indices for all except terminal sire breeds. However, the rate of genetic improvement of reproductive performance is restricted by the sex-limited nature of the traits, their expression in mature animals and their generally low heritabilities.
Rates of genetic improvement can be increased by selecting both males and females on the basis of an index of reproductive performance of their female relatives, in addition to their own records where these exist (Walkley & Smith, 1980) . None the less, if a trait could be identified which provides an indirect indicator of genetic merit for reproductive performance, and which could be measured in young males, selection utilizing information on this trait could increase rates of response substantially (Land, 1973) . When the indirect indicator trait measured in males has a moderate heritability and is highly genetically correlated with litter size, the predicted rate of genetic response, using this trait together with litter size, can approach double that predicted for selection based only on an index of litter size (Walkley & Smith, 1980) .
Testis size provides an easily measured integrated end point of gonadal response to trophic stimuli and is therefore a good potential candidate for a male indicator of genetic merit for female ovulation rate. This hypothesis has been validated in mice, with an estimated genetic correlation between testis weight and ovulation rate of 0-50 and a genetic regression of 2-9 ova per 100 mg testis (Islam et ai, 1976) .
Given this theory, selection for testis size would be expected to change litter size in species such as cattle and sheep in which ovulation rate is considered to be the main factor limiting the number of offspring born (Bradford, 1972) . This experiment was initiated to test this hypothesis in sheep. Preliminary results have been reported elsewhere (Land et ai, 1980 ; Lee & Land, 1985) .
Materials and Methods
Animals and selection Animals. The animals used were of the Finn-Dorset type, a synthetic breed with equal proportions of Finnish Landrace and Dorset Horn genes, created between 1965 and 1971 (Land & McClelland, 1971 ). The initial selection was carried out on male lambs born in a housed flock in January 1972. All subsequent animals were managed on a traditional upland grassland sheep farming system, with mating over a 6-week period from early November and lambing the following April. The sheep were maintained on the Institute's Blythbank farm in Tweeddale, Southern Scotland. Testicular diameter and body weight were recorded at 6, 10 and 14 weeks of age.
The experiment was initiated by selecting the 7 'highest' and 7 'lowest' rams on the basis of the selection criterion (see below) from a batch of 97 born in 1972 and mating these to 3-year-old ewes in the autumn of the same year. The 1973 born progeny of the 'high' and 'low' rams formed the High-line and the Low-line, respectively. From 1978, 1979, 1980, 1982 and 1985. The realized heritability of the modified selection criterion was estimated using the recursive method of Thompson & Juga (1989) . This method predicts individual breeding values using parental information, but changes the regression coefficient each generation to allow for the effects of selection. An iterative process is performed to find the heritability which minimizes the squared differences of the observed values from those predicted. Thompson & Juga (1989) have shown that the earlier methods of estimating realized heritability in populations with overlapping generations are essentially special cases of the recursive method. However, for comparison, the observed values were regressed on selection differentials calculated using the method of Pattie (1965) and that of Newman el al. (1973) (as discussed by James, 1986) to give two further estimates of realized heritability. None of these methods takes account of the effects of genetic drift. Although the estimates of realized heritability will not be biased, their standard errors will be underestimated. The extent of the underestimate will depend upon the heritability and population structure and is not simply calculated. However, the work of Atkins (1984) , in a sheep population of a similar structure, suggests that any underestimation of the standard errors of the realized parameters will not be sufficient to prejudice the conclusions drawn from this experiment.
Correlated responses to selection. These analyses were carried out using the LSML76 computer package (Harvey, 1977) . To obtain the genetic response to selection the estimated breeding value according to the method of Thompson & Juga (1989) was fitted as an independent covariate. The regression on breeding value is an estimate of the genetic regression of each trait on the modified selection criterion. The model also included, as fixed effects, year of birth, litter size at birth (4 classes), rearing litter size (single, twin or bottle-fed) and age of dam at the birth of the lamb (1, 2 or 3 or more years). The day of birth of the animal (as a day number from 1 January), the inbreeding coefficient of the individual and that of its dam were all fitted in the analyses as continuous independent covariates. Phenotypic variances and covariances were estimated as residual variances and covariances within year and line in a model omitting breeding value.
Analysis offertility. Two estimates of fertility were analysed using the GLIM package (Baker & Neider, 1978) : these were overall conception in the season, irrespective of the number of oestrous periods at which mating took place, and conception at the first oestrus when the animal was mated (first service). Both traits were analysed in the 1st and 2nd breeding seasons. The traits were treated as binomial probabilities using a logit transformation to convert the data to an underlying linear scale. The effects fitted in the model were those in the genetic response analysis described above. In addition, ewe premating weight was included in some models. Reconversion from the underlying scale to the probability of conception at specified levels of the breeding values, at base levels of the other classified factors, and base values for the independent variables, uses:
where is the probability of conception and L is the estimate on the underlying scale. Using this formula, probabili¬ ties of conception overall and to first service were predicted over a range of breeding values, for each breeding season.
Analyses of the fertility of Welsh ewes mated to Finn-Dorset rams were also performed in the same manner. Overall conception to any mating (by Finn-Dorset or Suffolk ram) and conception to one Finn-Dorset mating were treated as binomial probabilities and regressed on the estimated breeding value of the Finn-Dorset ram. In some analyses the mean of the 2-monthly weight measurements of the ram nearest to the breeding season was included as a covariate.
Results

Animals
An average of 45-7 male lambs in the High-line and 33-3 male lambs in the Low-line were tested per year; 7-81 male lambs sired progeny in the High-line and 7-55 in the Low-line each year. In the High-line 33-6 females, and in the Low-line 28-7 females, were retained per year and mated in their 1st and 2nd breeding seasons.
Inbreeding started accumulating after 3 years of selection. Thereafter it accumulated at about 1% per year and was 7-4% on average in the High-line and 7-8% on average in the Low-line in lambs born in the final year (1983) .
Male traits
Using the method of Thompson & Juga (1989) , the realized heritability of the modified selection criterion was estimated at 0-530 + 0013. The means of the modified selection criterion for male lambs born in each line in each year are shown in Fig. 1 The estimated least squares means of male traits are shown in Table 1 together with the estimates of their genetic regressions on the predicted breeding values of the modified selection criterion. The genetic regression for the modified selection criterion was very close to its expectation of unity. Birth weight showed no correlated response to selection, but the genetic regressions for weight at 6, genetic regressions of testicular diameter at 6, 10 and 14 weeks on the modified selection criterion were all positive and highly significant. The mean total testicular diameter at 10 weeks of age (unadjusted for body weight) is shown plotted for each line on an annual basis in Fig. 2 . The predicted difference between the lines for animals born in the final year for correlated traits, based on the genetic regressions and the final year line difference in predicted breeding value for the modified selection criterion, are shown in Table 1 . The proportionate differences increased with age, resulting in between line differences at 6 and 14 weeks of age, respectively, of 0-022 and 0082 of the mean for body weight and 0-239 and 0-341 of the mean for testicular diameter.
Estimates of phenotypic variances of traits recorded in males and the phenotypic correlation between these traits are shown in Table 2 . The estimated correlations between birth weight and body weights at 6, 10 and 14 weeks were all large, but declined with age. The correlations of birth weight with testicular diameter were moderate in size and only decreased slightly with age. Esti¬ mates of phenotypic correlations within and between weight and testicular measures were all very high. Phenotypic correlations of the modified selection criterion with testicular diameters were high but, as planned, were virtually zero wih body weights. Table 3 together with the estimate of their genetic regression on the modified selection criterion and the predicted divergence between lines for animals born in 1983. Results of the analyses of fertility are shown in Table 5 . These demonstrated a significant positive regression of fertility on the modified selection criterion. The effect was more marked for analyses of conception to first service than overall conception, as ewes not holding to their first service would be remated at one or more oestrous periods. There was also a tendency for the regressions to increase with the age of ewe. When ewe premating body weight was included in the model, regressions of fertility on body weight were positive and significant in the 1st breeding season and for overall fertility in the 2nd season and small and not significant otherwise. When the regressions on body weight were significant, the regressions of fertility on the modified selection criterion were increased.
Results obtained from mating Welsh ewes to Finn-Dorset rams from the selection lines are shown in Table 6 . As expected, the overall conception, after remating non-pregnant ewes to Suffolk rams, was not associated with the breeding value of the Finn-Dorset ram to which ewes were first mated. Conception to one mating by a Finn-Dorset ram was negatively associated with the breeding value of the ram, but the regression was not significant, so there appears to be no difference in fertility between rams from the High and Low lines. However, the underlying variate had a significant positive regression on ram body weight (0141 ± 0034) when this was added to the model. After fitting body weight there was a positive, but still non significant, regression of the underlying variate on breeding value of the ram. Therefore, when ram body weight is not fitted, the negative regression on breeding value could be associated with the smaller size of the High-line animals.
Discussion
The estimate of 0-53 presented here confirmed the previously reported (Lee & Land, 1985) high heritability of the modified selection criterion, testicular size adjusted for its phenotypic association with body weight in young rams. The work also confirmed the possibility of making genetic (1988) have argued that both the lack of response in ovulation rate and the negative correlated response in body weight observed in these lines are due to the phenotypic adjustment for body weight employed in this experiment. It is difficult to explore the consequences of weight adjustment on the index actually used due to its complexity. However, some conclusions can be drawn under the simplifying assumption that the results would have been little different had selection been based on testicular size adjusted for its phenotypic regression on body weight at a single age (for example, 10 weeks). This assumption is probably justified, as the genetic correlations between testicular size at 6, 10 and 14 weeks of age, or between body weight at 6, 10 and 10 weeks of age, are likely to be close to unity.
The consequences of a model with selection on testicular size adjusted for its phenotypic regression on body weight at a single age are explored in the 'Appendix'. The main conclusions are, firstly, that selection will lead to a negative correlated response in body weight when the phenotypic regression of testicular size on body weight is greater than the genetic regression. This may often be the case as there is no theoretical reason for these two regressions to be the same. Secondly, if it assumed that selection for testicular size adjusted for body weight at a single age would produce no correlated change in ovulation rate, then the absolute merit of using either testicular size unadjusted for body weight, or body weight itself, as indirect indicators of ovulation rate cannot be estimated. However, selection for testicular size on its own is likely to be less effective (estimated at 72% as effective) at changing ovulation rate than is selection for body weight.
Other workers have found some evidence of significant positive genetic associations between testicular size and aspects of female reproductive performance in sheep: e.g. Hanrahan & Quirke (1982) in ovulation rate-selected lines, Knight (1984) in fertility-selected lines, Burfening & Tulley (1986) in prolificacy-selected lines, Ricordeau et ai (1986) with induced prolificacy and Purvis et ai (1988) with ovulation rate. However, not all associations in these studies were significant and in other studies (Ricordeau et ai, 1979 (Ricordeau et ai, , 1984 , no evidence of positive associations was found. Given the low heritability and repeatability of female reproductive traits, it is not surprising that estimates of correlations have large standard errors and some are not significantly greater than zero. The overall pattern is for positive associations between testicular size and female reproductive performance. This pattern is repeated in mice (Islam et ai, 1976; Hill et ai, 1990) , cattle (Toelle & Robison, 1985a) and pigs (Schinckel et ai, 1983; Toelle & Robison, 1985b) . As yet no study has fully analysed genetic relationships between testicular size and female reproductive traits when body size or weight is taken into account. As Purvis et ai (1988) Selection has produced a positive correlated response in litter size per ewe mated which appeared to be due to a change in fertility. The results from within-line matings (Table 5) suggest a large alteration in fertility by the end of selection. The effect was particularly marked for results from first service only. This is to be expected, as differences in fertility will to some extent be masked in the overall conception rate by the remating of animals which do not conceive to a previous mating. The effect is also greater in the second breeding season of the ewes than in the first, suggest¬ ing that it is a trait of mature ewes, and not just associated with young ewes, for example via earlier maturation of the reproductive system in High-line ewes.
Mating (Toelle & Robison, 1985a ) and on mice (Hill et ai, 1990 ). However, we cannot at present suggest a mechanism to explain the correlation and these results should be treated with caution until confirmed by research in other populations.
Finally, the results of this study re-emphasize the conclusion reached previously (Land et ai, 1982; Hill, 1985; Haley et ai, 1987) If the genetic correlation between testicular diameter at 10 weeks of age and body weight in mature females (r^fT,Wm)) is solely a consequence of the genetic correlation between testicular diameter and body weight at 10 weeks of age (/¿(T.WIO)) and that between body weight in 10 week old males and mature females (r,,(W10,Wm)), then: rx ( as before. Therefore the conclusion is reached that the direction of correlated responses in body weight to selection on testicular diameter adjusted for its phenotypic regression on body weight may largely be determined by the relative magnitudes of the phenotypic and genetic regressions. If, as may often be the case, the phenotypic regression is greater than the genetic regression, the correlated response will be negative. The genetic covariance between ovulation rate (OR) and T* (i.e. Cov/1(T*,OR)) will dictate the magnitude of the correlated response in OR when selection is on T*, this is: where rp(T,WlO) is the phenotypic correlation between testicular diameter and weight at 10 weeks, r^(T,OR) and r^(W10,OR) are the genetic correlations of ovulation rate with testicular diameter and weight at 10 weeks respectively and h2(T) and A2(W10) are the heritabilities of testicular diameter and body weight at 10 weeks respectively.
If it is assumed that selection on T* would have produced no correlated response in ovulation rate, as did selection on the more complex index actually used in this study, then (1) can be used to draw conclusions about the relative effectiveness of selection for testicular diameter versus selection for body weight at 10 weeks as means of producing correlated responses in ovulation rate. From Hill (1985) the value of selection on testicular diameter relative to selection directly on ovulation rate is proportional to: rA(T,OR)^h2(T) y/^oR)
An equivalent formula can be derived for the value of selection on body weight at 10 weeks relative to selection directly on ovulation rate:
rA(W10,OR)y//»2(W10) VV(OR)
Therefore, the relative effectiveness of selection on testicular diameter versus selection on body weight at 10 weeks as indirect indicators of genetic merit is given by the ratio of (2) 
